The efficacy of emerging microwave breast cancer detection and treatment techniques will depend, in part, on the dielectric properties of normal breast tissue. However, knowledge of these properties at microwave frequencies has been limited due to gaps and discrepancies in previously reported small-scale studies. To address these issues, we experimentally characterized the wideband microwave-frequency dielectric properties of a large number of normal breast tissue samples obtained from breast reduction surgeries at the University of Wisconsin and University of Calgary hospitals. The dielectric spectroscopy measurements were conducted from 0.5 to 20 GHz using a precision openended coaxial probe. The tissue composition within the probe's sensing region was quantified in terms of percentages of adipose, fibroconnective and glandular tissues. We fit a one-pole Cole-Cole model to the complex permittivity data set obtained for each sample and determined median Cole-Cole parameters for three groups of normal breast tissues, categorized by adipose tissue content (0-30%, 31-84% and 85-100%). Our analysis of the dielectric properties data for 354 tissue samples reveals that there is a large variation in the dielectric properties of normal breast tissue due to substantial tissue heterogeneity. We observed no statistically significant difference between the within-patient and between-patient variability in the dielectric properties.
Introduction
Breast cancer is one of the most prominent types of cancer among women. Detecting earlystage breast cancer with high sensitivity and specificity as well as treating cancer in a minimally invasive manner with few side effects have proven to be challenging problems for existing clinical modalities. These persisting challenges, combined with the tremendous toll that this disease takes, fuel ongoing research to develop alternative techniques for early breast cancer detection and treatment.
Previous reports of substantial contrast in the dielectric properties of normal and malignant breast tissues across portions of the electromagnetic spectrum (Chaudhary et al 1984 , Surowiec et al 1988 , Morimoto et al 1990 , Campbell and Land 1992 , Joines et al 1994 , Jossinet 1996 , 1998 , Choi et al 2004 have prompted a great deal of interest in non-ionizing electromagnetic techniques for breast cancer detection and treatment. The use of electromagnetic energy in the microwave frequency range is particularly attractive because it balances the competing requirements for resolution and penetration depth. Accordingly, researchers have begun to explore the feasibility of microwave techniques for breast cancer detection (Hagness et al 1998 , Meaney et al 2000 , Bulyshev et al 2001 , Li and Hagness 2001 , Fear et al 2002a , 2002b , Bond et al 2003 , Hernandez-Lopez et al 2003 , Nilavalan et al 2003 , Zhang et al 2003 , El-Shenawee 2004 , Huo et al 2004 , Li et al 2004 , Davis et al 2005 , Li et al 2005 , Winters et al 2006 and hyperthermia treatment (Fenn et al 1999 , Converse et al 2004 . Ultimately, the clinical efficacy of such techniques will depend not only on the extent of the malignant-to-normal and malignant-to-benign dielectric contrasts but also on the variability in normal tissue properties within and between patients.
Studies that have reported measurements of the dielectric properties of breast tissues in the radio and microwave frequency ranges were previously catalogued by Sha et al (2002) . An updated summary is presented in table 1. These studies mostly involve small patient populations, do not include all types of normal, benign and malignant tissues, and, with a very few exceptions, do not extend above 3.2 GHz. Moreover, the published dielectric properties are not all in agreement. It has also been pointed out that out of 18 human tissue types, the greatest uncertainty in dielectric properties at microwave frequencies exists for normal breast tissue (Hurt et al 2000) . We attribute the observed discrepancies to the variability in the procedures and protocols used across the different studies combined with the inherent challenges of characterizing breast tissue, which, in fact, is quite heterogeneous. Dielectric spectroscopy techniques unavoidably average the dielectric properties throughout the volume interrogated by the electromagnetic fields. Thus, heterogeneity poses a particular challenge for accurately determining the true range of tissue-specific dielectric properties with probes and techniques limited to larger sensing volumes.
As evident from the discussion above, a statistically rigorous wideband characterization of normal, malignant and benign human breast tissues is necessary to resolve lingering dielectric properties questions that have direct relevance to the development of microwave breast cancer detection and treatment methods. Towards this end, we have conducted a largescale collaborative experimental study at the University of Wisconsin-Madison (UW) and University of Calgary (UC) to build an extensive database of dielectric properties of a variety of healthy and diseased breast tissues. Our study was carefully designed to overcome the abovestated difficulties. Our specific objectives were to (1) characterize the dielectric properties of a large number of freshly excised breast reduction, biopsy, lumpectomy and mastectomy tissue samples in the extremely wide frequency range of 0.5 to 20 GHz, (2) correlate the measured dielectric properties with histopathological analysis of the tissue samples and (3) perform statistical analysis of the dielectric properties to achieve the following: ensure the integrity of the data, reduce the data for each sample to a convenient Cole-Cole representation and assist in drawing conclusions. Our measurements were conducted using the small-diameter precision open-ended coaxial probe and measurement technique described in Popovic et al (2005) . This probe offers a broadband response, and is placed in direct contact with the unperturbed sample. As a result, it overcomes some of the challenges of other dielectric spectroscopy techniques (e.g. loaded resonators and loaded waveguides, which require extensive sample preparation and are generally narrowband). The flange-free precision probe offers a small sensing volume, thereby enabling reliable identification of the measurement site and subsequent assessment of the precise tissue composition within the sensing volume.
This paper focuses on characterizing the dielectric properties of normal breast tissue obtained from breast reduction surgeries, while a subsequent paper will address the dielectric properties of diseased and normal breast tissue obtained from cancer surgeries and biopsies. Characterization of normal breast tissue is extremely important, as it establishes the baseline dielectric properties and degrees of normal within-patient and between-patient tissue variability-all of which is of engineering importance in designing microwave breast imaging and hyperthermia treatment systems. Such detailed information is much easier to extract from measurements performed on breast reduction surgery specimens, which are quite large and typically include all of the normal tissue types present in the breast. In contrast, the amount of normal tissue present in cancer specimens is small and confined to the margins of the specimen. Our data, obtained from breast reduction specimens, serves an important role in evaluating the validity of the normal tissue data obtained from the smaller cancer specimens. To the best of our knowledge, this is the largest and most comprehensive study reported to date on the dielectric properties of normal breast tissue at microwave frequencies.
The remainder of this paper is organized as follows. Section 2 describes the experimental procedures for obtaining tissue samples, acquiring and processing the microwave-frequency data, and analysing tissue composition. Section 3 describes the statistical analysis methods. Section 4 discusses the results of the study, and the conclusions are summarized in section 5.
Experimental procedures

Source of tissue samples
We conducted 488 measurements on freshly excised normal breast tissue obtained from 93 patients undergoing breast reduction surgery at UW and UC hospitals. The measurements were conducted in the pathology departments of the respective hospitals. Tissue excised during surgery in the operating room (OR) was transported to the measurement location in heated, sealed and insulated containers to minimize desiccation. At both universities, the tissue handling protocols were designed to permit at least one measurement of adipose tissue and at least one measurement of non-adipose tissue (e.g. fibroconnective and/or glandular samples) from both the left and right breasts. Occasionally, this was not possible if, for example, the surgery was only performed on one breast or if the excised specimen was too small. Since the tissue handling protocols at UW and UC differed slightly, they are described separately in more detail below. We will use the term 'sample' to mean the portion of the specimen selected for dielectric characterization.
Tissue handling protocol at UC
• The UC protocol relied upon the hospital's standard procedure for transporting tissue from the OR to the pathology suite. Once the tissue arrived in pathology, a pathologist paged one of the engineers responsible for conducting the measurements. Depending on the rotations of tissue collection from the OR, the time between excision and measurements was as little as 5 min, or as much as 5 h. • The pathologist cut the desired tissue samples from the bulk specimens immediately prior to measurement. The diameter of each sample was approximately 2 cm. Whenever possible, four samples per breast were prepared (two adipose and two fibroconnective/glandular samples) and one measurement was taken of each sample. The photograph in figure 1(a) shows representative tissue samples obtained at UC.
Tissue handling protocol at UW
• The UW protocol introduced a research-specific procedure for transporting tissue from the OR to the pathology suite. Once tissue was excised from the patient, the OR nurse called one of the engineers (already at the hospital) to pick up the tissue. Since the UW team did not have to wait for the surgery to be completed before the excised tissue was brought to pathology, the time between excision and measurement was generally less than at UC, and varied between 5 and 80 min. • The specimen size varied between about 2 cm diameter and 10 cm diameter depending on the extent of the initial surgical excision. In contrast to the UC protocol, the measurements at UW were performed directly on the bulk specimen. In general, two measurements were conducted on each specimen (one adipose sample and one fibroconnective/glandular sample). The photograph in figure 1(b) shows a typical tissue specimen obtained at UW.
For each sample, time between excision and measurement, tissue temperature at the time of measurement, and patient age were recorded to permit subsequent analysis of the effects (if any) of these variables on the tissue dielectric properties. Tissue temperature, which was measured using a digital thermometer, had often equilibrated to room temperature by the time the dielectric spectroscopy measurements were conducted. Table 2 summarizes the details of the tissue collection and handling protocols. The range of specimen temperatures at both locations was very similar, as was the range of patient ages. The range of the times between tissue excision and measurement was larger at UC than at UW, as noted above.
Microwave dielectric spectroscopy
We measured the dielectric properties of breast tissues over the 0.5-20 GHz frequency range using a precision open-ended coaxial probe technique previously described in detail in Popovic et al (2005) . Extensive prior characterization and validation studies (Popovic et al 2005) have demonstrated the reliable performance of this precision probe technique, which is briefly outlined here. Stainless steel and borosilicate glass, hermetically sealed precision probes were custom-designed for this application. The probes were flange-free to ensure good contact with the tissue across the entire aperture; the outer diameter of the aperture was 3 mm. The probes were used in conjunction with an Agilent 8720ES and Agilent 8722D vector network analyser (VNA) at UW and UC, respectively. A high-quality flexible cable connected the probe to the VNA. The tissue samples were placed on a stand, and the cable and probe were held firmly in place in a mechanical jig connected to the stand. For every measurement, the jig was manually lowered until the entire probe aperture made firm contact with the tissue sample. The complex reflection coefficient at the calibration plane of the precision probe was then recorded over the frequency range of 0.5-20 GHz. Time gating was used to remove the reflections from the cable-probe interface. The complex reflection coefficient data were postprocessed in two steps. In the first step, a de-embedding model was used to compensate for the propagation effects of the precision probe and translate the measurement reference plane to the probe aperture. In the second step, the aperture-plane reflection coefficient was converted to complex permittivity of the tissue specimen over the frequency range of interest (0.5-20 GHz) using a rational function model (RFM), originally developed by Sibbald (1991) and Stuchly et al (1994) and adapted for our precision probe by Popovic et al (2005) . As reported in Popovic et al (2005) , the expected measurement uncertainty of this technique, as verified utilizing reference liquids, is no greater than 10%. In order to ensure continued accuracy of our measurements over time, we periodically verified our technique using reference liquids.
Histological analysis of tissue composition within the probe's sensing volume
Following each measurement, we marked the exact site where the probes were placed on the surface of each tissue sample using black ink, as shown in figure 1(a) (UC) and figure 1(b) (UW). A medial cross-section (figure 2(a)) of each tissue sample directly beneath and including the ink spot was processed to make a histology slide. A microscope with a 2.5× lens was used to create a digital image of a 5 mm depth by 7 mm crosswise region of the slide, as shown in figure 2(b). The crosswise dimension corresponds to the lateral extent of the probe's sensing volume (Hagl et al 2003) . We superimposed on the images a horizontal line 3 mm below the ink spot to mark the approximate maximum sensing depth of the probe. Histology of the tissue in the area between the black ink spot and the 3 mm horizontal line was conducted based on a visual inspection of the image. The tissue composition was quantified in terms of percentages of adipose, glandular and fibroconnective tissue. This histological analysis of the two-dimensional cross-section containing the ink spot was used as an estimate of the tissue composition in the three-dimensional volume sensed by the probe. In addition, since the tissue type directly beneath the probe tip has the greatest influence on the measured dielectric properties, the pathologists determined and recorded the dominant tissue type directly beneath the black ink. 2.3.1. Histology-based exclusionary criteria. We established exclusionary criteria based on the quality of study-specific information preserved in the histology slides, in order to minimize uncertainty in the determination of the composition of tissue within the probe's sensing volume. There were three possible reasons for a particular histology slide to be considered of poor quality for this study:
(i) The black ink spot was missing from the cross-sectional slice, (ii) The black ink appeared somewhere other than the top of the cross-sectional slice (indicating that the ink leaked into the tissue), and/or (iii) The cross-sectional slice was somehow deformed during histological processing.
Any of these three circumstances made it difficult to discern the actual measurement location on the tissue slide. In order to ensure the integrity of the correlation between the dielectric measurements and the histology information, we excluded 118 samples from further analysis. Thus, 370 characterized samples remained after applying these slide-based exclusionary criteria.
Methods of statistical analysis
Data fitting and reduction
Cole-Cole models are commonly used as physics-based compact representations of wideband frequency-dependent dielectric properties (Gabriel et al 1996) . Lazebnik et al (2006) previously demonstrated that a single pole is sufficient to fit tissue dielectric properties in the 0.5-20 GHz range. Accordingly, we chose to fit the following one-pole Cole-Cole model to each of the 372 complex-permittivity ( * ) data sets:
In this model, ω is the angular frequency, (ω) is the frequency-dependent dielectric constant, (ω) is the frequency-dependent dielectric loss (which can be converted into the effective conductivity, σ eff (ω) = ω 0 (ω)), and ∞ , , σ s , τ and α are the Cole-Cole model parameters which are estimated from the experimental data. Parameter values for each complex-permittivity data set (corresponding to each characterized tissue sample) were obtained by minimizing the following criterion:
where N is the number of frequency points in the 0.5-20 GHz range used in this portion of the analysis,ω is the vector of all measurement frequencies, (ω i ) and (ω i ) are the experimentally measured values at frequency ω i , andˆ (ω i ) andˆ (ω i ) are the values generated by the fitted Cole-Cole model at frequency ω i . These fitted values depend on the free parameters ∞ , , τ , α and σ s . For purposes of fitting a Cole-Cole model to each data set, we chose approximately N = 50 equally spaced frequency points between 0.50 and 20 GHz. This reduction in the number of frequency points did not result in a loss of information because the measured dielectric properties vary smoothly as a function of frequency. The criterion given in equation (2) can be viewed as the squared, scaled Euclidean distance (averaged over frequency) between the measured data and the fitted curve in the and space. The form of the criterion was chosen to mimic the sum of squares criterion used in one-dimensional linear and nonlinear regression. The measured and fitted values were scaled (divided by the median value for that tissue sample) to equalize the impact of the two dimensions on the fit and to create a criterion that could be compared across tissue samples (see the following paragraph). This criterion was developed after considering a number of other approaches for scaling the permittivity data (range, maximum, etc). We concluded that the median produced a criterion which provided the best fits to the data. All fitting and data analysis was accomplished using the R statistical software package 6 .
3.1.1. Physics-based exclusionary criterion. In a study as large as this, even with careful attention to technique, it is inevitable that a small number of measurements will suffer from experimental errors due to factors such as incomplete contact of the probe aperture with the tissue surface. As a means of systematically identifying these mischaracterized tissue samples for exclusion, we imposed a constraint that each data set had to be reasonably consistent with the Kramers-Kronig relation between the real and imaginary parts of the complex permittivity (see, for example, Foster and Schwan (1989) ). Evaluating the quality of the Cole-Cole fit to the data sets provided a practical way of conducting a Kramers-Kronig consistency test, since the Cole-Cole model obeys the Kramers-Kronig relation. Specifically, we defined an acceptability threshold for the fitting criterion, e, and excluded any data set with a value for e that exceeded the threshold. We set the threshold at e = 0.004. This value was chosen to exclude the poor fits (cases in which the best fitting Cole-Cole model did not match the frequency dependence of the measured data set). A total of 16 characterized tissue samples were excluded based on this criterion, leaving 354 samples for final analysis.
Data analysis
We conducted an inter-rater analysis to verify that the UW and UC pathologists used similar methodology to evaluate the histology slides. This verification was a critical step towards ensuring that the data collected at UW and UC could be self-consistently combined. We randomly selected ten slides (tissue samples) from each university and each pathologist analysed the tissue composition on all 20 slides. Then, we quantitatively evaluated the agreement between pathologists using the kappa statistic. A kappa value of less than 0 indicates no agreement, while a kappa value of 1.0 indicates perfect agreement.
To summarize our data, we formed three groups of tissue samples. The three divisions were based only on the per cent adipose tissue in each sample and were chosen to maximize the difference between the groups and minimize the variability within the groups. Group 1 contained all samples with 0-30% adipose tissue (the high-water-content group), group 2 contained all samples with 31-84% adipose tissue and group 3 contained all samples with 85-100% adipose tissue (the low-water-content group). Median dielectric constant and effective conductivity dispersion curves were obtained for each group by first calculating the fitted values for each sample in the group at 50 equally spaced frequency points. Second, the median value at each frequency point was calculated across samples within the group. Finally, the Cole-Cole model (equation (1)) was fit to these median values. The resulting 'median curves' fit the median values very well in all cases. We also calculated the upper and lower quartiles (25th and 75th percentiles) of the fitted curves in each group at 5, 10 and 15 GHz to summarize the spread of the curves in each group.
In addition, we analysed the sources of variability in the dielectric properties at 5, 10 and 15 GHz. A nested analysis of variance (ANOVA) was used to compare patient-to-patient variability, breast-to-breast variability within patient and sample-to-sample variability within breast. The analysis was performed on the 31-84% adipose tissue group. We chose this group because the distributional assumptions required for the analysis were satisfied. A preliminary ANOVA was conducted to test whether the variability between breasts (within patient) was significantly larger than the variability between samples (within breast). This analysis was conducted on a subset of the data where breast identification information was available. Terms for adipose content and for patient were included in the model to ensure that these sources of variability were removed before estimating the sources of interest. A second ANOVA was conducted to test whether the variability between patients was larger than the variability between samples within patients.
For each of the three groups of varying adipose tissue content, we analysed the effect of patient age, temperature and time from excision (the predictors) on the dielectric properties at 5, 10 and 15 GHz (the responses). We created categorical variables from these continuous predictors in order to capture all possible trends rather than just linear effects. Nonparametric, rank-based ANOVA was used to assess the effect of each predictor on the dielectric properties in each of the three groups. The ANOVA models included a term for per cent adipose to remove the effect of adipose tissue before testing for the effect of each predictor. For the predictors that showed statistical significance, we followed up the overall ANOVA F-test with pairwise analyses to assess differences between the individual predictor categories. The same nonparametric ANOVA model was used in the paired tests as in the overall test.
Results and discussion
Histology
The kappa statistic computed for our inter-rater analysis was 0.81, indicating very good agreement in the methodology utilized by the pathologists at UW and UC to estimate percentages of tissue types present in the probe's sensing volume based on the visual inspection of the histology slides. Since no important bias was present in the tissue composition analysis at the two different locations, we concluded that the data from UW and UC could be selfconsistently combined. One of the key findings that emerged during the course of this study was the importance of accounting for the heterogeneity of breast tissue on not only the macroscopic (centimetre) scale, but also the microscopic (sub-millimetre) scale. Figure 3 graphs illustrates that the compositions of the tissue samples varied greatly between low-and high-water content. In addition, figure 3(a) demonstrates that about 40% of our samples had adipose tissue content of 90-100%. There are two primary reasons for this skewed distribution:
(1) the tissue samples in our study were obtained from breast reduction specimens, which are inherently dominated by the presence of adipose tissue, and (2) our protocol was designed to take measurements at an adipose sample site (which tends to be very homogeneous) and a fibroconnective/glandular sample site (which can be either homogeneous or heterogeneous and composed of several tissue types) from each specimen.
Data fitting and reduction
Figures 5-7 illustrate the physics-based exclusionary criterion that we implemented to ensure that the dielectric measurements met the Kramers-Kronig consistency requirement. An example of a data set that could not be fit with a Cole-Cole model (e = 0.012) is shown in figure 5 . In contrast, two examples of data sets that were fit closely with a Cole-Cole model (e 0.004) are shown in figures 6 and 7 for a low-water-content and high-water-content tissue sample, respectively. In all the three figures, parts (a) and (b) show the dielectric constant and effective conductivity, respectively, for both the measured data (circles) and the fitted Cole-Cole curves (lines). Part (c) shows the measured data and the fitted curves as a Cole-Cole diagram. It is important to note that out of a total of 372 measurements, only 16 were deemed poor (such as that shown in figure 5 ) based on the physics-based exclusionary criterion and were not included in the database for further analysis .  Figures 8(a) and (b) show the Cole-Cole fits for the 354 tissue samples characterized and analysed in this study. This figure vividly illustrates the important finding that normal breast tissue dielectric properties span a large range. At the low end, tissue dielectric properties are bounded by the properties of lipids. Lipid measurements were conducted in our laboratory from 0.5 to 20 GHz using the precision open-ended coaxial probe. At the high end, tissue dielectric properties are bounded by the properties of physiological saline reported in Hilland et al (1997) . This finding agrees with our expectations since the water content of different tissues in the breast varies from extremely low (pure adipose) to high (glandular and fibroconnective). The tissue dielectric properties are not expected to reach those of saline because even the highest-water-content biological tissue contains less than about 80% water (Reinoso et al 1997) .
The dielectric properties curves are colour-coded by their tissue composition. In order of highest to lowest adipose content, the colours are red, purple, blue, cyan and green. As expected, the red curves are generally associated with the lowest dielectric properties, while the green curves are associated with the highest dielectric properties. The dielectric properties corresponding to the purple, blue and cyan curves fall in the intermediate range.
Dielectric properties of three adipose-defined tissue groups
Our definition of three tissue groups based on per cent adipose tissue in the sample (group 1: 0-30%, group 2: 31-84% and group 3: 85-100%) resulted in the following distribution of samples: 99 samples in group 1, 84 samples in group 2 and 171 samples in group 3. Group 3 (predominantly adipose tissue) contains approximately half of the entire number of samples, with the combination of groups 1 and 2 (heterogeneous mixture of fibroconnective, glandular and some adipose tissue) making up the other half. This is consistent with figures 3 and 4, and is a direct result of our measurement site selection protocol, which aimed for one adipose and one non-adipose sample from each breast. The dielectric properties of the three adipose-defined groups are shown in figure 9 . Each curve represents the median Cole-Cole fit, and the variability bars around the median represent the 25th-75th percentiles. This method of organizing our large database allows for a compact representation of the otherwise unwieldy amount of data shown in figures 8(a) and (b). The Cole-Cole parameters of the median curves in each group are shown in table 3. Group 3 exhibits the smallest variation in the dielectric properties around the median due to the purity and dominance of adipose tissue in this group. The group with intermediate dielectric properties (group 2) displays the greatest variability in the dielectric properties due to the large degree of tissue heterogeneity in this group. Figure 10 shows smoothed curves that map our Cole-Cole-model-generated values for (a) dielectric constant at 5 GHz and (b) effective conductivity at 5 GHz to the underlying tissue composition that yielded those dielectric properties. These graphs illustrate an alternative, compact way of viewing our data, by showing the changing composition of the samples as the dielectric properties at 5 GHz change. In general, as the dielectric constant and effective conductivity of the tissue samples increase, the adipose content decreases and the fibroconnective and/or glandular contents increase. Similar patterns were observed at 10 and 15 GHz (data not shown). This effect can also be seen in table 3, monotonically decrease as the per cent of adipose tissue increases (as the per cent of water content decreases). The fact that the median τ values of group 1 and group 2 differ from this trend is again explained by the large heterogeneity of the samples in group 2. This is further supported by the fact that group 2 had the largest median α value, corresponding to the largest spread of intrinsic τ values. We are not able to separate the effects of fibroconnective and glandular tissue types on the overall breast tissue dielectric properties, since they both act to raise the dielectric properties of the sample when their contribution to the tissue composition is increased. In addition, since all three tissue types are not independent of each other (i.e., their contributions must always sum to 100%), they cannot be analysed independently of each other.
Analysis of sources of variability
There was no statistically significant difference between the variability due to breast and the variability due to sample within breast (p 0.4393). Breast-to-breast and sample-to-sample standard deviations (SDs) at 5 GHz for dielectric constant were 7.57 and 7.19, respectively. For conductivity, the SDs were 0.721 S m −1 and 0.688 S m −1 . Since no statistically significant differences were found between breast-to-breast variability (within patient) and sample-tosample variability (within breast), we did not include a term for breast in further analyses. We found statistically significant differences between the variability due to patient and the variability due to sample within patient (0.0296 p 0.1288). Patient-to-patient and sample-to-sample SDs at 5 GHz for dielectric constant were 16.17 and 13.12, respectively. For conductivity, the SDs were 1.61 S m −1 and 1.24 S m −1 . These differences were judged to not have engineering importance in light of the overall range of dielectric property values. Therefore we did not include a term for patient in further analyses.
Analysis of the effects of patient age, sample temperature and time between excision and measurement
When considering the effects of patient age, temperature and time between excision and measurement on the dielectric spectroscopy data, we first adjusted for the effect of adipose content, which was always statistically significant (p < 0.02) even though the samples being analysed were restricted to one of the three adipose-defined groups. The predictive ability of each predictor (patient age, tissue temperature and time between excision and measurement) in each adipose-defined group was consistent for both the dielectric constant and effective conductivity and across the three representative frequencies (5, 10 and 15 GHz).
We found a statistically significant trend (p < 0.0001) between the dielectric properties and the time between excision and measurement for the 85-100% adipose group. Both the dielectric constant and effective conductivity decrease as the time between tissue excision and measurement increases. For example, at 5 GHz, the median dielectric constant for the samples that were characterized 0-50 min post-excision was about 6, while the median dielectric constant for the samples where 250-300 min elapsed post-excision was about 4. Similarly, the effective conductivity decreased from about 0.4 S m −1 to about 0.1 S m −1 in this time range. While this trend was statistically significant, the magnitude of the change is negligible compared to the much larger (by more than an order-of-magnitude) range of properties spanned by all tissue groups (0-100% adipose) in the breast. Consequently, this trend is not important from an engineering point of view. For example, dielectric properties values reported here for the 85-100% adipose group can be assigned to adipose-mimicking tissue regions in numerical or experimental breast phantoms used for pre-clinical studies of microwave breast cancer detection or treatment modalities. The conclusions drawn from such studies are not expected to depend on a specific value of dielectric constant and effective conductivity of the adipose (1994)). Vertical arrows: range of data reported by Campbell and Land (1992) at 3.2 GHz for adipose (solid lines) and normal (dashed lines) breast tissues. tissue region (whether 6 or 4, and 0.4 S m −1 or 0.1 S m −1 ) but rather on the contrast of those values with the properties of breast regions that have little adipose content, and thus significantly higher dielectric constant and effective conductivity.
This trend was not observed for the other two adipose-defined tissue groups with higher water contents. Previously published studies suggest that extracellular water is more dominant than intracellular water in adipose tissue, whereas the opposite is true of non-adipose tissue (DiGirolamo and Owens 1976, Wang and Pierson 1976) . Based on the observed trend in our data and the previously published results, we hypothesize that if most of the water in adipose tissue is extracellular, it will be lost due to desiccation faster than the intracellular water that is contained within cellular membranes in non-adipose tissues.
The effect of time between excision and dielectric properties in the 85-100% adipose group was one of four statistically significant effects. The other three (patient age in the 85-100% and 31-84% groups and sample temperature in the 85-100% group) did not show any identifiable pattern between the dielectric properties and the predictor (within the temperature and age ranges of the tissue samples characterized in this study), and did not have engineering importance. Figure 11 shows the median curves (lines) for the three tissue groups from this study, along with the data points (symbols) reported in three earlier studies (Chaudhary et al 1984 , Surowiec et al 1988 , Joines et al 1994 . The earlier data are bounded from below by our median curve for high-adipose-content breast tissue, and from above by our median curve for low-adiposecontent breast tissue. The dielectric constant and effective conductivity values for normal breast tissue reported in our study span a much larger range than those previously reported in all smaller-scale studies, with the exception of Campbell and Land (1992) . The vertical arrows in figure 11 represent the data range reported in Campbell and Land (1992) at 3.2 GHz for adipose tissue (solid lines) and normal tissue (dashed lines), defined as a mixture of glandular and connective tissues. We suspect that the substantial heterogeneity observed in the wideband data from our large-scale study as well as the single-frequency data from the smaller Campbell and Land study had not been noted in the other previous studies because the tissue source for earlier studies was primarily cancer surgeries. In order to characterize the dielectric properties of normal tissue in such specimens, it would have been necessary to characterize a region of tissue away from the tumour. Since breast cancer arises in glandular tissues, a site distinct from the tumour would likely have higher adipose content, leading to the lower and more homogeneous dielectric properties values reported in several of the earlier studies.
Comparison with previous studies
Summary and conclusions
In this paper, we report the results of our large-scale multi-institutional study characterizing the ultrawideband microwave dielectric properties of normal breast tissue samples obtained from reduction surgeries in the frequency range of 0.5-20 GHz. This study serves an important purpose of establishing a rigorous normal baseline which may be used in comparisons with diseased breast tissue as well as in validations of normal tissue data obtained from cancer surgeries. We reduced and organized our large database by first fitting a one-pole Cole-Cole model to each complex-valued measurement, and subsequently forming three groups based on the adipose tissue content in each sample. Analysis of the 354 characterized samples illustrated that the heterogeneity of the dielectric properties of normal breast tissue across the microwave frequency range is larger than suggested by most of the earlier small-scale studies, and that the dielectric properties of some types of normal breast tissues are much higher than previously reported.
We showed that the dielectric properties of breast tissue are primarily determined by the adipose content of each tissue sample. Furthermore, secondary factors such as patient age, tissue temperature and time between excision and measurement had only negligible effects on the observed dielectric properties. Finally, we found no statistically significant difference between the within-patient and between-patient variability in the dielectric constant and effective conductivity. This heterogeneity in the dielectric properties of normal breast tissue needs to be taken into account in the development of numerical and physical breast phantoms for use in pre-clinical evaluations of microwave breast cancer detection and hyperthermia treatment techniques. The Cole-Cole models reported here will facilitate the development of such phantoms with accurate dielectric properties.
